Plants sense self-shading or nearby plants as a change in the ratio of red (R) to far-red (FR) light. In full sunlight, the R:FR ratio is high (>1), but this ratio is reduced when plants are shaded, owing to an increase in far-red light that is reflected from cell walls and a drop in red light by chlorophyll absorption (R:FR <1). When a sun-loving plant such as Arabidopsis thaliana senses shade, a rapid response is triggered that alters plant architecture (stems and petioles elongate, leaf and root development is arrested, and leaf angle changes). If the plant remains under a canopy for prolonged periods of time, a shade avoidance syndrome (SAS) is elicited. During SAS, chlorophyll is reduced, flowering is initiated early with reduced seed set, and the plant becomes susceptible to herbivores (Izaguirre et al. 2006 ). Shade avoidance is thus an adaptive response to a change in light quality (Schmitt et al. 2003) , which also contributes losses in yield (Ballare 1999; Franklin and Whitelam 2005) .
The red/far-red-light-absorbing photoreceptor phytochrome B (PHYB) is the major sensor of shade light (Reed et al. 1993) . When the R:FR is >1, the red-absorbing cytosolic form of PHYB (Pr, l max = 660) is excited, photoconverts to a far-red-absorbing form (Pfr, l max = 730), and moves to the nucleus, where it interacts with a subset of basic helix-loop-helix (bHLH) transcription factors called PIFs (phytochrome-interacting factors), leading to their rapid phosphorylation and degradation (Leivar and Quail 2011) . In the stem, this causes a reduction of growth rate. In contrast, when the R:FR is low (<1), Pfr becomes Pr (an inactive form), allowing PIFs to accumulate and bind promoters of genes that promote cell elongation in the hypocotyl (Franklin 2008) . Of the seven PIFs found in Arabidopsis, PIF4 and PIF5 have been implicated in SAS (Lorrain et al. 2008; Leivar and Quail 2011) ; however, a pif4pif5 double mutant retains a shade avoidance response to low R:FR, suggesting that there is redundancy with additional PIFs or that other mechanisms regulate this response. Moreover, although changes in the levels of multiple plant hormones are involved in SAS (DjakovicPetrovic et al. 2007; Tao et al. 2008; Pierik et al. 2009; Kozuka et al. 2010) , likely leading to the observed changes in growth rate and architecture, little is known about how light regulates plant hormone biosynthesis. Here we identify the bHLH transcription factor PIF7 as the missing link required for the early growth response to shade, thereby linking PHYB to the accumulation of new auxin in hypocotyls.
Results and Discussion
Previous studies have shown that >100 genes are upregulated in Arabidopsis seedlings exposed to 1 h of shade (Sessa et al. 2005; Tao et al. 2008) . One of these genes, PIL1 is induced >100-fold within 30 min of exposure to shade (Salter et al. 2003) , making it an excellent marker for shade avoidance. To define the promoter elements that confer shade inducibility to PIL1's promoter, we made a series of 59 deletions of the promoter, fused them to a luciferase (LUC) reporter with a 39 untranslated region (UTR) of PIL1, and created stably transformed lines of Arabidopsis (Fig. 1A) . At least 16 independent transgenic lines for each construct were grown in high R:FR (white light) and transferred for 2 h to low R:FR (simulated shade). These experiments indicated that a 210-base-pair (bp) region (from À1494 to À1284) was required for shadeinduced expression of the PIL1 gene (Fig. 1A) . This region was also sufficient for shade induction when fused to a minimal promoter (Fig. 1B) .
A closer examination revealed that the 210-bp region contained two G-boxes (CACGTG), which are previously described light response elements involved in the regulation of many light-regulated genes (Martinez-Garcia et al. 2000) , including PIL1 (Hornitschek et al. 2009 ). Sequen-tial mutation of either G-box or mutation of both G-boxes indicated that both were required for shade induction of PIL1 (Fig. 1C) ; however, as reported for other lightregulated genes, multimerized G-boxes alone were not sufficient for shade-induced PIL1 expression (Supplemental Fig. S1 ; Puente et al. 1996) .
To identify transcription factors that bind to the PIL1 210-bp shade-responsive region, wild type and a G-box mutant variant were used as baits in a yeast one-hybrid screen of ;1600 Arabidopsis transcription factors (PrunedaPaz et al. 2009 ). We identified several bHLH transcription factors that bound to the wild-type, but not a mutated, Gbox (Supplemental Fig. S2 ). One of these is PIF7 (bHLH 72), previously described as a PHYB-interacting protein that plays a redundant role with other PIFs in seedling emergence (Leivar et al. 2008) .
Two pif7 T-DNA insertion lines of Arabidopsis, pif7-1 (weak) and pif7-2 (strong), were obtained for functional studies (Leivar et al. 2008) . In white light, both mutant lines appeared similar to wild type; however, in shade, pif7 mutants had short hypocotyls and expanded cotyledons ( Fig. 2A-C) , indicative of defects in SAS. pif7-1 partially rescued the constitutively shade response of a phyB-null allele in white light (Reed et al. 1993) , indicating that PIF7 is a positive regulator of SAS that acts downstream from PHYB ( Fig. 2A-C) .
During the first hour of shade avoidance, the levels of auxin in the Arabidopsis shoot increase by >50% over the levels found in white-light-grown wild type. New auxin is synthesized from tryptophan through TAA1, an aminotransferase encoded by the SAV3 gene (Tao et al. 2008) . sav3 mutants have reduced auxin in white light and do not make new auxin in shade. In previous studies, we designed an imaging system and showed that the rapid, initial hypocotyl growth rate during SAS is biphasic and that sav3 mutants are lacking the first growth spurt (Cole et al. 2010 ). In the shade, pif7-1 hypocotyls elongated with a growth pattern similar to sav3-2 (Fig. 2D ), suggesting Quantification of cotyledon area of Col-0, pif7 mutants, and phyB-9 in response to white light and shade. (D) pif7 hypocotyls have an early growth defect that is similar to sav3. New hypocotyl growth of pif7-1 after transfer to shade was quantified using HyDE (hypocotyldetermining engine) (Cole et al. 2010) . The arrow indicates the start of shade treatment. Dotted lines and roman numerals indicate phases of growth.
that PIF7 is involved in regulating the auxin response to shade.
To determine possible targets of PIF7, we used RNA sequencing (Lister et al. 2008 ) to compare the genomewide expression patterns of 5-d-old wild type, pif7-1, and sav3-2 in white light versus white light plus 1 h of shade. In wild type, shade treatment induced a total of 144 transcripts by >1.7 log 2 -fold (Supplemental Table S1 ). In pif7-1, 109 of these 144 transcripts did not respond to shade treatment, and 104 of 144 did not respond to shade in sav3-2 ( Fig. 3A ; Supplemental Table S1 ). Eighty-six genes that did not respond to shade treatment were shared between pif7-1 and sav3-2. Gene ontology (GO) functional prediction of these 86 genes showed an enrichment for auxin response genes (35%) (Supplemental Table S2 ). To determine the correlation between auxin and SAS pathways, we compared a list of 335 auxin-induced transcripts (Zhao et al. 2003; Nemhauser et al. 2004 ) against our shadeinduced genes. In wild type, the distribution of the expression values of auxin-induced transcripts was significantly different between white light and shaded conditions (P-value = 0.00776), whereas these same transcripts were not differentially expressed between treatments in pif7-1 (P-value = 0.3333) and sav3-2 (P-value = 0.0666) ( Fig. 3B ; Supplemental Table S3 ). Together, these results suggest that PIF7 plays a role in auxin-related gene expression, a conclusion that was validated using quantitative realtime PCR (qPCR) (Supplemental Fig. S3 ). Among the genes whose expression did not change in shade in pif7 mutants were the auxin biosynthesis genes (YUCCA2, YUCCA5, YUCCA8, and YUCCA9), auxin transporters (PIN3 and PIN4), and auxin response genes (IAA29 and GH3.3), indicating a possible involvement of PIF7 in multiple aspects of auxin regulation in shade. PIF7 also regulates the expression of several transcription factors (PIL1 and ATHB2) in shade (Supplemental Fig. S3) .
We conducted functional studies of auxin biosynthesis and signaling pathways in pif7 mutants. An auxin signaling pathway appeared to be intact because (1) response genes (IAA5, IAA6, IAA29, and GH3.3) were induced by IAA (indole 3-acetic acid) treatment to the same or a greater degree in pif7 mutants compared with wild type (Supplemental Fig. S4 ), (2) pif7 hypocotyls elongated in white light in response to exogenous application of the auxin analog picloram (Supplemental Fig. S5 ; Sorin et al. 2005) , and (3) 5 mM picloram rescued pif7's short hypocotyl phenotype in the shade (Supplemental Fig. S5 ). To investigate whether PIF7 controlled auxin availability, we measured the endogenous auxin levels in pif7 mutants in white light and in white light plus 1 h of shade. In white light, wild type and pif7 mutants had similar free IAA levels, while shade treatment resulted in a 69% increase in free IAA in wild type, a 26% increase in pif7-1, and a 7% increase in pif7-2 (Fig. 3C) . Thus, PIF7 either directly or indirectly affects shade-induced auxin biosynthesis.
A revised pathway for IAA biosynthesis has recently been proposed Phillips et al. 2011; Won et al. 2011 ) in which Trp is converted to indole-3-pyruvic acid (IPA) through TAA1 (encoded by SAV3), and IPA is converted to IAA through the action of a family of 11 spatially and dynamically expressed flavin monooxygenases encoded by the YUCCA gene family (Zhao et al. 2001) . Whereas SAV3 and PIF7 transcriptional levels were slightly repressed by shade (Supplemental Fig. S6 ; Tao et al. 2008) , the auxin biosynthesis genes YUCCA2, YUCCA5, YUCCA8, and YUCCA9 were induced by shade in wild type and sav3 (Tao et al. 2008 ; this study). In pif7, this induction was diminished (Supplemental Fig. S7 ; Supplemental Table 3 ). Since YUCCAs appear to encode a rate-limiting step in auxin biosynthesis (Zhao et al. 2001; Mashiguchi et al. 2011; Phillips et al. 2011; Won et al. 2011) , this increase in YUCCA2, YUCCA5, YUCCA8, and YUCCA9 RNA might be the cause of increased auxin during shade avoidance. We found that multiple YUCCA genes contain at least one G-box (Supplemental Fig. S8) . One-hybrid analysis in yeast showed that PIF7 can activate YUC8 and YUC9 promoters (Supplemental Fig. S8 ). PIF7 binds directly to these promoters in Arabidopsis, as shown by chromatin immunoprecipitation (ChIP)-PCR ( Fig. 3D;  Supplemental Fig. S8 ). We tested a yuc3,5,7,8,9 quintuple mutant for its hypocotyl elongation response in shade. Young seedlings (3 d old) had a small, but significant, defect in hypocotyl elongation in the shade (Supplemental Fig. S9.) , suggesting that increased expression of YUCCA5, YUCCA8, Cold Spring Harbor Laboratory Press on November 3, 2017 -Published by genesdev.cshlp.org Downloaded from and YUCCA9 genes is required for the early response to shade. It is possible that this weak phenotype is due to redundancy among YUCCA family members and the possible complication of the available pool of IPA in individual tissues (Tao et al. 2008; Won et al. 2011) .
It has been shown that PIF7 can interact with PHYB during seedling emergence (Leivar et al. 2008) , but the consequence of this interaction for shade avoidance is unknown. A previous study showed that unlike its close relatives, PIF7 is not rapidly degraded in the light (Leivar et al. 2008) . To test whether shade regulates the activity of PIF7 by its post-translational modification, we stably overexpressed PIF7 tagged with a Flash tag (35S::PIF7-Flash; 9xMyc-6xHis-3xFlag) in the pif7-2 background. The transgenic lines grew taller than wild type under both white light and shade conditions (Supplemental Fig. S10 ). White-light-grown transgenic seedlings were treated with shade and used for Western analyses. As shown in Figure  4A , PIF7-Flash proteins from white-light-grown plants resolved as two different forms on SDS-PAGE gels. Treatment of extracted proteins with calf alkaline phosphatase (CIP) greatly attenuated the slowly migrating band (Fig. 4B) , suggesting that the fast-migrating band is the dephosphorylated form and the slow band is the phosphorylated form of PIF7. Shade treatment rapidly decreased the amount of phosphorylated PIF7 while increasing the accumulation of dephosphorylated PIF7, which could be reversed when seedlings were returned to white light (Fig. 4C) . This suggests that PIF7 phosphorylation is controlled by a phytochrome low-fluence response.
These data, together with previous studies (Tao et al. 2008; Won et al. 2011 ), suggest a model for a series of events that link a change in light quality to modifications in plant architecture (Fig. 4D ). High R:FR light is perceived by the photoreceptor PHYB, causing its translocation from the cytosol to the nucleus, where it interacts with phosphorylated PIF7. In early shade avoidance, the PHYB photoconverts to its inactive form (Pr) and is no longer associated with phospho-PIF7. PIF7 becomes rapidly dephosphorylated and binds G-boxes of auxin biosynthetic genes (as shown by ChIP-PCR in Fig. 4D ; Supplemental Fig. S8 ) and other genes, resulting in a large increase in free IAA in the cotyledons (within 1 h in the shade) ( Fig. 3D ; Tao et al. 2008) . This new IAA is transported out of the cotyledons into the stem and other tissues, where it initiates an elongation response. The phosphorylation and dephosphorylation of PIF7 is both fast and photoreversible (much faster than its modest degradation in white light). Thus, we favor a model in which dephosphorylation of PIF7 is the major regulatory mechanism for PIF7 by shade. Our model suggests the existence of a protein phosphatase and a protein kinase whose activities or availability are regulated by light quality changes.
PIF7 regulation of auxin biosynthesis is not the only mechanism by which the light environment controls growth. pif7 mutants have reduced expression of auxin signaling and transport genes, suggesting that these aspects of auxin response may also be altered by shade. In addition, during prolonged shade avoidance, when blue light becomes depleted by a thick canopy, we showed that the major transcription factors involved in elongation growth were PIF4 and PIF5 (Keller et al. 2011 ). More recently, PIF4 has been reported to control the expression of the genes for two auxin biosynthetic enzymes, SAV3 and CYP79B2, in response to high temperature (Franklin et al. 2011) . This work and the current studies indicate that individual PIFs function to link discrete environmental stimuli to changes in plant architecture through similar transcriptional networks, a significant proportion of which is related to controlling the local levels and signaling of auxin (Leivar and Quail 2011) .
Other plant hormones are known to have altered levels during shade avoidance. Whether similar mechanisms will account for the roles of gibberellins, cytokinins, brassinosteroids, and ethylene is a remaining piece of the puzzle. Nonetheless, these studies begin to explain how plants maintain phenotypic plasticity throughout their lives.
Materials and methods

Plant materials and growth conditions
All plant materials used in this study originated in the Columbia (Col-0) genetic background. The mutants used in this study have been described previously: pif7-1, pif7-2, pif7-1pif3-3, pif7-1pif4-2, pif7-1phyB-9 (Leivar al. 2008) , and pif4pif5 (pif4-101pif5-1) (Lorrain et al. 2008 
Hypocotyl growth measurements
New hypocotyl growth was measured using an image-based phenotyping platform as described previously (Cole et al. 2010 ).
RNA sequencing
Five-day-old seedlings were grown in duplicate under white light and then treated with shade for 1 h or an additional hour of white light. Roots were excised, and RNA was extracted from the aerial tissues using the Spectrum Plant Total RNA kit (Sigma-Aldrich). PolyA RNA was isolated from total RNA using the polyA Purist kit (Applied Biosystems/Ambion). One-hundred nanograms of polyA-selected RNA was used to construct a strand-specific RNA library construction following the manufacturer's protocol for the Whole Transcriptome kit (Ambion). Amplified libraries were size-selected using Ampure XP beads (Beckman) instead of the PAGE purification recommended in the protocol. RNA libraries were sequenced for 50 bp on the SOLiD4 platform (Life Technologies). Bioscope was used to align sequenced reads to the TAIR10 reference genome using the default parameters. Cufflinks version 0.9.3 (Trapnell et al. 2010 ) was used for determination of expression values. Any expression value <2 was replaced with a minimum expression value of 2. Data from each biological replicate were averaged for determination of shade induction. GO analysis of specific transcripts was determined using the DAVID Bioinformatics Resource 6.7 (Huang et al. 2009a,b;  http://david.abcc.ncifcrf.gov/ tools.jsp).
Quantification of IAA
For quantification of free IAA, Col-0 and pif7 mutants were grown under continuous white light for 5 d then treated with or without simulated shade for 1 h. Aerial parts of seedlings were weighed and collected. Measurements were performed as described previously Andersen et al. 2008 ) using four biological replicates.
